Gene arrangement into operons varies between bacterial species. Genes in a given system can be on one operon in some organisms and on several operons in other organisms. Existing theories explain why genes that work together should be on the same operon, since this allows for advantageous lateral gene transfer and accurate stoichiometry. But what causes the frequent separation into multiple operons of co-regulated genes that act together in a pathway? Here we suggest that separation is due to benefits made possible by differential regulation of each operon. We present a simple mathematical model for the optimal distribution of genes into operons based on a balance of the cost of operons and the benefit of regulation that provides 'just-when-needed' temporal order. The analysis predicts that genes are arranged such that genes on the same operon do not skip functional steps in the pathway. This prediction is supported by genomic data from 137 bacterial genomes. Our work suggests that gene arrangement is not only the result of random historical drift, genome re-arrangement and gene transfer, but has elements that are solutions of an evolutionary optimization problem. Thus gene functional order may be inferred by analyzing the operon structure across different genomes.
Introduction
Genes in prokaryotes are arranged into groups called operons [1] [2] [3] . The genes in an operon are located adjacently on the DNA and are expressed on the same mRNA. Genes in the same operon usually work together, and their products sometimes physically interact [4] [5] [6] [7] [8] [9] [10] [11] . However, partitioning of a given set of genes into operons is not the same in every organism. It has long been known that genes are often partitioned into operons in different ways in different organisms (figure 1) [12] [13] [14] [15] [16] . In some species all genes in a certain pathway or system are on the same operon ( figure 1(a) ), while in other species they are found in several operons (figures 1(b) and (c)), or even each on a separate operon ( figure 1(d) ).
Gene arrangement in bacterial genomes is governed by mutational processes such as gene duplication that can form new operons, genome rearrangements that can split existing operons, and lateral gene transfer that can introduce parts of operons from other organisms. The life-cycle of operons can be studied based on comparing operons in phylogenetically related organisms [13, 17, 18] . Naturally, no absolute rules can precisely describe operon structure in every organism. However, theory might help us to understand the forces that tend to shape operons in general.
To understand operon partitioning, we need to understand the selective forces that separate genes into different operons and the forces that tend to put genes together on the same operon. Several theories have been proposed to explain the latter. The 'selfish operon' theory notes that a gene system in which all of the genes are on a single operon allows for more reliable lateral transfer than a system of several operons distantly placed on the genome [19] [20] [21] . The proximity of the genes increases the probability that the entire system will be transferred when a piece of the DNA is incorporated into the genome of another organism. In addition, genes on the same operon are precisely co-regulated and, since they share the same mRNA, may avoid fluctuations in mRNA levels that can lead to imperfect stoichiometry between the protein products [18, [22] [23] [24] [25] . These theories, however, do not explain what causes coregulated genes to often appear on separate operons.
In this paper, we propose that one possible separating force is the benefit of temporal programs of expression that are possible in multi-operon systems [3] . We then consider the implications of an idealized situation, where operon evolution is governed by the selective forces that drive genes into the same operon and those driving to separate them. This idealized model predicts that genes are arranged such that genes on the same operon do not skip functional steps in the pathway. Hence, operon partitioning can be used to infer gene functional order. We find that these predictions are supported by genomic data from a large number of sequenced prokaryotes.
Materials and methods

Operons in sequenced genomes
One hundred and thirty-seven bacterial genomes were obtained from the National Center for Biotechnology Information (NCBI) Entrez Genome website. Best orthologs of all E. coli genes were found by BLASTP against all other genomes with E-value cutoff [26] of 10 −5 . Two genes were considered to be on the same operon if they were less than 40 bp apart and transcribed in the same direction [27] . The present conclusions do not sensitively depend on the 40 bp threshold or E-value cutoff.
Score for putative gene orders
Consider an ordering R of genes i = 1, . . . , n, where R is a permutation of 1, . . . , n. For a given operon X of k genes, which contains genes x 1 , . . . , x k , let x 1 , x 2 , x k be the same arranged in order of increasing R, and
This score counts the number of skipped steps of the permutation R in the operon. If the operon does not skip steps, or has only a single gene, Score(X) = 0. The score of the putative order R is the sum of the scores of all operons in all genomes. For example, consider five genes A, B, C, D, E partitioned into two operons as follows AB, CDE. There are 5! = 120 different permutation orders. Consider one permutation, R = (A→E→D→B→C). To find the score of operon CDE note that the gene orders in this operon are 5,3,2 according to R, and therefore Score = (3−2−1) + (5−3−1) = 1. The score of operon AB is Score = 4 − 1 − 1 = 2. This permutation thus receives a score of 3 for this genome. To find the total score for R, the score for all operon arrangements observed in the set of genomes is summed.
Each occurrence of an operon arrangement is considered only once, even if the same operon arrangement appears in multiple genomes. This prevents over-counting effects due to phylogenetic relationships between sequenced organisms.
Estimates of parameters in the evolutionary model
The present conclusions do not depend on the precise values of the parameters in the model. However, for completeness, we attempt to estimate the parameters in the theory in the case where fitness is related to the growth rate of the bacteria [28, 29] , and where operon cost is related to a putative growth cost of DNA synthesis (in a fraction of the conditions encountered by the cell). To estimate the cost per protein unit synthesized, note that bacteria produce about 10 6 proteins/cell cycle.
Thus, a protein unit represents a metabolic load of about η ∼ 10 −6 . This cost agrees with experimental measurements of growth reduction due to protein expression [3, [29] [30] [31] . To estimate the putative cost of synthesizing a promoter region (the cost of an excess operon), note that promoter regions are about 100 bp long, and genomes are on the order of 10 6 bp. Thus a promoter amounts to about ε = 10 −4 of the total DNA cost. Since DNA synthesis is thought not to be limiting under rapid growth conditions, we include also the probability that the cell is in an environment where DNA synthesis is limiting for growth, P D . The overall DNA cost of a promoter is a = P D ε. For example, for a system with N = 10 3 protein copies/cell, with delay t/τ = 0.1 cell cycles, probability that the system is expressed in the environment (demand [3, 28, 32] ) p = 10 −2 , and P D = 10 −2 , one finds x·S = pηN t/τ /a ∼ 1. For this example, the operon cost is approximately equal to the protein cost.
Results and discussion
Selective forces for separation of genes into different operons
Before analyzing the model, we shall discuss the proposed selective force that can drive separation of genes into different operons. This force is the evolutionary benefit of temporal expression patterns that are possible in a multi-operon partitioning. This proposal is based on the experimental observation that many gene systems show a temporal order of expression: operons are expressed one after the other with timing differences on the order of 0.1 cell-generations [33] when the system is induced or deactivated [3, [33] [34] [35] [36] [37] [38] [39] . Importantly, the temporal order correlates with the functional order of the gene products. In metabolic pathways, the closer the gene product to the beginning of the pathway, the earlier its promoter is activated [33] . Similar 'just-when-needed' production schedules (also called 'just-in-time' production programs) have also been found in the assembly of large protein machines, such as flagella [36, 37] , and in stressresponse systems [38] .
In these systems, 'just-when-needed' production can be beneficial because it prevents superfluous synthesis of a protein before it is required [33] [34] [35] [36] [37] [38] [39] . 'Just-when-needed' production can be achieved by means of differential regulation thresholds for each of the operons. In the simplest case, a gradually changing regulator activity level crosses the different thresholds at different moments, generating a temporal expression pattern [3, 33, 37, 38, 40] . This type of temporal order of transcription cannot be achieved if all of the genes are on the same operon, because such genes all share the same mRNA [17] .
Simple model for optimal operon partitioning
We now describe a simple model based on the opposing forces that cluster and separate genes. We begin by quantifying the benefit of 'just-when-needed' temporal expression order that we have just discussed, that is, the benefit of avoiding unneeded protein production. For example, consider the case where gene B is needed only at a delay t after gene A. If A and B are on the same operon, they are forced to be expressed together, resulting in un-needed expression of B for a time t. The cost of this excess production is ηN t/τ , where η is the reduction in fitness per unit of protein B, and N is the number of copies of B produced during a cell generation time τ (thus, N/τ is the mean rate of B production). This cost per protein was recently measured directly for the lac system of E. coli [29] . The cost occurs only during times when the system is expressed. Thus, the cost occurs with probability per generation, p, corresponding to the probability that the system is induced in the organism's environment [28, 32, 44] . Thus, the cost of putting A and B on the same operon, averaged over many generations, is Cost of A and B on the same operon = pηN t/τ.
The cost of un-needed protein production is avoided when the genes are on different operons by 'just-when-needed' production. Thus the effect we have just examined tends to separate genes into different operons.
The separating force is opposed by a second force that tends to cluster genes into the same operon. This clustering cost can effectively represent two effects: (a) the cost of imbalance (noise) in expression of interacting gene products coded on two different operons, which can lead to deleterious stoichiometric effects [24] ; (b) the cost of multiple operons based on the cost of the DNA regulatory region needed for each operon. DNA length may be limiting for cell fitness or growth under some conditions [41] . The cost per operon representing these two effects will be described in this study by the parameter a. If there are m operons, the overall cost is m·a.
Hence, the overall cost of an arrangement of both genes A and B on a single operon is the sum of the cost of one operon and the cost of un-needed protein production:
The cost for arranging the two genes on separate operons is only the cost of two operons, because un-needed protein production is avoided by 'just-when-needed' production:
The terms with a represent the cost of the operons, and the term with η is the cost of excess protein production, which is avoided in C 2 . This fitness function depends on the ecology of the organism through the parameter p which describes the fraction of time in which the system is induced. It also depends on the delays between genes in the system and their production costs. The larger the ratio of protein costs to operon costs, x = pη/a, the higher the tendency for the genes to be on different operons. (For parameter estimations, see the materials and methods section.) Generalizing this theory to k genes partitioned into m operons yields a normalized cost:
where
is the relative cost of protein production to operon cost, and the excess production of gene i is given by the number of copies produced per cell generation times the delay in production:
The excess production S i is greater the higher the expression level of the gene product N i and the longer its functional delay t i relative to the gene on the operon whose product acts first. Note that the present theory does not concern the order of genes within an operon (that is, operons ABC and ACB are considered equivalent).
The operon partitioning that minimizes the cost function (equation (3)) can be found analytically. First, consider the case where all proteins have the same delay values, S i = S. This solution can be easily seen graphically by plotting the cost versus x·S (figure 2). At each value of x·S, the operon arrangement with lowest cost is optimal. For the case of two genes, a single operon is optimal when x·S < 1, and two separate operons are optimal when x·S > 1 ( figure 2(a) ). For three genes, at low values of x·S a single operon is optimal; at intermediate values two operons are optimal, one with a single gene and one with two genes; and a three-gene operon is optimal at high values of x·S ( figure 2(b) ). Thus, a three-gene system can have operons of size one, two or three depending on x·S (similar solutions are found for any number of genes).
The larger the protein cost of gene i, S i , relative to the protein costs of the other genes in the system, the higher the probability that it will appear first on an operon or even alone on an operon ( figure 2(c) ). Thus the model predicts that all things being equal, a highly expressed protein would tend to be on shorter operons more than a low-expressed protein.
Furthermore, genes that have no delay ( t i = 0 and thus S i = 0) should tend to appear together on the same operon. Proteins that are parts of the same protein complex are examples where t i = 0 is possible. Table 1 . Metabolic un-branched pathways and their predicted order according to the scoring algorithm. The genes are arranged in the table according to the known E. coli pathway order 1, 2, 3, . . . , n. Shown are all pathways in EcoCyc with no branches that consist of at least three enzymes. The deduced order is the order with the lowest score; curly brackets indicate genes that can be interchanged, resulting in permutations with the same lowest score. The number of different operon partitionings found in the genomes is shown. An important new prediction of the model is that the optimal operon partitioning does not include an operon that skips functional steps. Thus, if a pathway's functional order is A→B→C, operons such as ABC, AB, and BC are possible, but not AC ( figures 1, 2(b) ). The latter operon is not optimal because it skips step B in the pathway. This prediction applies to systems with any number of genes (see SOM, where the optimal partitioning is computed for any number of genes N).
Analysis of prokaryotic genomes reveals that genes in operons tend not to skip functional steps
We tested the prediction that genes in an operon do not skip functional steps by examining the actual operon partitioning in prokaryotic genomes. We considered all known un-branched metabolic pathways in E. coli that consist of three or more gene products (based on the EcoCyc database [42] ). We determined the operon partitioning of these genes in 137 fully sequenced genomes. Operon partitioning was based on a stringent criterion: genes were assigned to the same operon if they are spaced less than 40 bp apart and in the same orientation. We find that each of the pathways had several distinct operon partitioning in the different genomes (table 1) .
We scored the number of skipped steps in the operon partitioning. For each gene system, we considered all possible putative functional ordering of the genes (permutations of the gene order). Each permutation was scored, with a score equal to the number of skipped steps in all of the operons. Permutations that fit into the operons without skipped steps received a zero score. We found that, in all pathways, the known functional order of the genes is among the lowest scoring permutations, and in many cases it is the lowest scoring permutation ( figure 3, table 1 ). For example, the five genes in the tryptophan biosynthesis pathway show several different operon partitioning across organisms [13] . The actual functional order trpE→trpD→trpC→trpB→trpA receives the lowest score among the 120 possible permutations ( figure 3(d) ). It agrees with the prediction that operons tend not to skip functional steps in the pathway. In most pathways studied, the known order has the least number of skipped steps. In other pathways, such as the seven-gene histidine biosynthesis pathway, only two of the permutations received a lower score than the actual order. Most of these low-scoring permutations are different from the known E. coli functional order in only one or two genes (table 1). It is possible that metabolic pathways have variations in different organisms that can explain these few alternative orders. More generally, additional forces and the constraints of evolutionary history may contribute to shape operon partitioning beyond the present considerations.
Conclusion and outlook
The main finding of the present study is that operons contain information about the functional order of genes: operons tend not to skip functional steps in pathways. The gene functional order can be inferred by analyzing the operon structure across different genomes. A simple evolutionary theory was presented that describes operon structure in terms of cost-benefit analysis. The theory indicates which structure is optimal given the demand for the system in the environment, and the cost and delays of the proteins in the system. The theory demonstrates how idealized operon partitioning can be understood based on the benefit of just-when-needed production strategies.
The present 'rules' for operon partitioning have notable exceptions. For example, the highly expressed ribosomal proteins are predicted to be on small operons. This is true for some, but not all ribosomal proteins. Interestingly, ribosomal proteins' operon partitioning does not change substantially between different organisms, suggesting other constraints which might determine the operon partitioning of these genes. A second exception occurs for some proteins which function together in a complex (and thus have t = 0). These proteins are predicted to be on the same operon, and usually are. However, there are cases where such proteins are on different operons. For example, the two subunits of phenylalanyltRNA synthetase are on the same operon in about ∼75% of prokaryotes, and on different operons in the remaining ∼25% [43] . Further study is needed to understand these exceptions.
We also note that the present theory can be extended to include alternative effects that might explain our finding that genes within operons tend not to skip functional steps. One such explanation is that adjacent enzymes in metabolic pathways may channel intermediates to each other whereas non-adjacent ones do not. Therefore it is particularly critical to place adjacent enzymes on the same operon to produce them in stoichiometric amounts and avoid the formation of unproductive complexes (for a more general context on balance between interacting proteins, see Veitia 2004) . Such effects could, in principle, be included in the cost parameter S i in the theory above.
The present theory helps to explain why gene systems are often partitioned into different operons, and which partitioning is expected to occur based on the organism's environment and metabolic economy. As the number of sequenced genomes grows, this approach could be more thoroughly tested and may help to predict functional gene orders or relative expression levels in novel pathways.
Promoter. A regulatory region of DNA that controls the transcription rate of a gene. The promoter contains a binding site for RNA polymerase, the enzyme that transcribes the gene to produce mRNA. In addition, each promoter usually contains binding sites for transcription factor proteins; the transcription factors, when bound, affect the probability that RNAp will initiate transcription of an mRNA.
Cost-benefit analysis. A theory that seeks the optimal design such that the difference between the fitness advantage gained by a system (benefit) and fitness reduction due to the cost of its parts is maximal.
Enzyme. A protein that facilitates a biochemical reaction. The enzyme catalyzes the reaction and does not itself become part of the end product.
